A microarray study of chemostat growth on insoluble cellulose or soluble cellobiose has provided substantial new information on Clostridium thermocellum gene expression. This is the first comprehensive examination of gene expression in C. thermocellum under defined growth conditions. Expression was detected from 2,846 of 3,189 genes, and regression analysis revealed 348 genes whose changes in expression patterns were growth rate and/or substrate dependent. Successfully modeled genes included those for scaffoldin and cellulosomal enzymes, intracellular metabolic enzymes, transcriptional regulators, sigma factors, signal transducers, transporters, and hypothetical proteins. Unique genes encoding glycolytic pathway and ethanol fermentation enzymes expressed at high levels simultaneously with previously established maximal ethanol production were also identified. Ranking of normalized expression intensities revealed significant changes in transcriptional levels of these genes. The pattern of expression of transcriptional regulators, sigma factors, and signal transducers indicates that response to growth rate is the dominant global mechanism used for control of gene expression in C. thermocellum.
Clostridium thermocellum is an anaerobic, thermophilic, Gram-positive bacterium that uses cellulose as the sole source of carbon and energy (1, 2, 8) . There is considerable interest in this organism as a model system and a practical agent for conversion of cellulose to ethanol (8, 21) . C. thermocellum and some other cellulolytic microbes recruit the enzymes responsible for cellulose hydrolysis into a large extracellular complex called the cellulosome (2, 9) . The cellulosome is organized around scaffoldins, which are proteins composed of multiple cohesin domains that recruit dockerin-containing cellulolytic enzymes into the complex by virtue of specific, high-affinity cohesin-dockerin interactions (25, 26) . Extensive studies of C. thermocellum have revealed many cellulosomal constituents (13, 27) , and biochemical assays have defined many of their independent reactions (1). In combination, these studies have revealed that more than 60 different proteins may be present in the complex (1, 13, 27, 39) .
There is also growing information about the regulation of expression of specific clostridial genes during growth on cellulose and other carbon sources (4, 10, 14, 37) . Thus, scaffoldin and cellulase genes have similar transcriptional responses to growth rate and substrate (10, 11, 37) , and transcriptional regulators have been associated with some cellulase genes (22) . Previously, Stevenson and Weimer conducted a real-time PCR survey of the expression of 17 C. thermocellum genes involved in cellulose hydrolysis, intracellular phosphorylation, and catabolite repression and correlated their expression profiles with the formation of fermentation products (31) . Most recently, sigma factor signaling in C. thermocellum was established by an elegant combination of bioinformatics and biochemical approaches (17) . Collectively, these studies point to the ability of C. thermocellum to exquisitely control expression of certain known genes in response to growth rate and the presence of insoluble cellulose or soluble compounds such as cellobiose.
We have now completed a microarray study of C. thermocellum in order to examine expression responses of the entire genome. Importantly, the use of the chemostat technique allowed the effects of different growth rates to be analyzed separately from the effects of different substrates. Our analysis of global gene expression revealed a set of 348 genes whose expression behaviors were consistent with a model including both growth rates and substrate type. The most highly expressed genes from this set encode glycoside hydrolases, scaffoldins, and other proteins known to participate in cellulose utilization. A large number of transcriptional regulators, signal transduction proteins (34) , and sigma factors (17) were also identified, thus expanding our understanding of potential mechanisms of control for clostridial gene expression and protein translation. The expression data also revealed that certain genes among multiple copies from the glycolytic, ethanol fermentation, and H 2 evolution pathways were highly expressed under conditions that led to ethanol production. These results highlight the complexity of the clostridial utilization of cellulose and offer many possible avenues for new understanding of this important process.
MATERIALS AND METHODS
Genome model. The sequence under GenBank accession no. CP000568.1 was used in this work. Annotations were obtained from the DOE Joint Genome Institute Integrated Microbial Genomes server (http://img.jgi.doe.gov). Some additional annotations were incorporated from recently published work (17) .
Chemostat growth. C. thermocellum ATCC 27405 was grown on Sigmacel 50 microcrystalline cellulose (equivalent to Avicel PH101) and used as an inoculum for chemostat studies (31) . Cells were grown at 55°C in chemostat culture with continuous stirring. Modified Dehority medium containing (per liter) 3.0 g of cellobiose or 2.7 to 3.1 g of Sigmacel 20 microcrystalline cellulose (Sigma) was delivered to the reactor as segmented slurry. Chemostats were operated to steady state (minimum turnover of three reactor volumes) prior to sampling. For cellobiose, the following dilution rates (D) were studied (h
Ϫ1
; calculated from the mass flow rate of the collected effluent): 0.025, 0.048, 0.064, 0.129, and 0.158. For cellulose, the following dilution rates were studied (h mRNA and cDNA preparations. Total RNA was isolated from freshly collected cells. cDNA was synthesized from isolated RNA and stored at Ϫ80°C prior to use. Total DNA was isolated using a Promega Wizard genomic DNA kit (Promega, Madison, WI) and treated with DNase-free RNase One (Promega) following DNA extraction.
Microarray design and data collection. Quality control tests were performed on RNA samples to ensure purity and integrity by using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and an Agilent 2100 bioanalyzer (Santa Clara, CA). Double-stranded cDNA was synthesized using a SuperScript double-stranded cDNA synthesis kit (Invitrogen) with random hexamers following Roche NimbleGen's user's guide (28a). The microarray design included 3,189 coding sequences represented by 15 60-mer probes. There were 8 copies of each probe on the array, arranged in a 1:2 probe configuration with no mismatch. Cy3 labeling and hybridization steps were performed using standard protocols from Roche NimbleGen (Madison, WI). The single-color NimbleGen arrays were scanned with a GenePix 4000B microarray scanner. The data were extracted from scanned images by using NimbleScan software.
Microarray analyses. Expression values were generated using quantile normalization (3) and the robust multichip average algorithm (15, 16) . The call file contained 8 replicate intensities for each probe set. These were log 2 transformed and further summarized by taking the means of the log-transformed values. There were 343 genes whose log expression values were Ͻ6 in all 11 samples, indicating that they were not expressed. Principal component analysis showed that there were no obvious outliers among the different growth rate and substrate samples, and furthermore, the global expression profiles were affected by growth rate and substrate type. The R/Bioconductor package maSigPro was used to identify genes whose expression was growth rate and/or substrate dependent (7). The regression model was as follows:
where y ijk was the expression level of gene k on growth substrate i at growth rate G ij , b 0 and d 0 were regression coefficients corresponding to the reference group, specified as cellulose, b 1 and d 1 were the regression coefficients accounting for the differences between the cellobiose and cellulose groups, and e ijk was the random variation from all sources other than those incorporated into the model. The P values of the F statistic of the model specified in the equation were computed for all expressed genes and followed by computation of linear step-up false discovery rates; 351 genes having false discovery rates of Ͻ0.1 were retained for variable selection. The variable selection was performed using backward stepping, dropping the model terms with P values of Ͼ0.05, and 348 genes with R 2 values of Ͼ0.6 were retained for clustering analysis. There were no obvious outliers among these genes, and their expression profiles were affected by growth rate (D) and/or substrate (S). The expression profiles were assigned to 5 clusters by using the fuzzy c-means algorithm implemented in the R package Mfuzz (20) .
Microarray data accession number. The extensive microarray data set obtained from this effort is available from the NCBI gene expression and hybridization array data repository (www.ncbi.nlm.nih.gov/geo) under accession number GSE22426. Figure S1 in the supplemental material shows that the expression behaviors of Cthe_2089, encoding CelS, a highly abundant cellulosomal protein, matched quite well in the two experiments, and similar results were obtained with 15 other genes from the previous real-time PCR study (31) . No significant correlations were observed when growth rate and substrate effects compatible with equation 1 were not evident. Microarray results. Regression analysis using the R package maSigPro (7) was used to investigate correlated changes in gene expression according to the model defined in equation 1. This model has 4 parameters, is fit to 11 data points representing different substrate and growth rate conditions, and can be visualized as 2 trend lines of gene expression versus growth rate, for cellulose and cellobiose (see Fig. S1 in the supplemental material). The expression behavior of each gene was fit using equation 1, and 348 genes whose expression intensities were affected by changes in the growth rate (D) and substrate (S) were identified. Table S1 in the supplemental material lists all of the genes identified by this analysis.
RESULTS AND DISCUSSION
The expression profiles of these 348 genes were sorted into 5 clusters by using the fuzzy c-means algorithm implemented in the R package Mfuzz (20) . The Mfuzz package uses a "fuzzy" clustering approach to compute the strength of the association of each gene with the central behavior of the cluster, referred to as a "fuzzy score." The fuzzy scores for each gene sum to 1. This allows one to define a set of genes that associate with each cluster with a high probability, while other genes may not have a high score for association with a single cluster but may instead have scores that allow partial placement in more than one cluster. This approach is more flexible and less sensitive to experimental noise than traditional "hard" clustering, where each gene must belong to one and only one cluster. Table S1 in the supplemental material shows each of the 348 genes assigned to the 5 clusters and their individual fuzzy scores. The median fuzzy score for each cluster was Ͼ0.98, and the average fuzzy score was Ͼ0.9, indicating strongly correlated behaviors of the genes within each cluster with respect to changes in growth rate and substrate. Thus, each cluster has a core set of genes with very high fuzzy scores (i.e., close to 1) which indicate that their collective expression behavior is strongly correlated with that of other members of the cluster with respect to their changes in growth rate and substrate. Moreover, the lack of significant overlap of genes between the clusters also supports the unique characteristics of the clusters and their embedded genes. Figure 1 shows that the median profiles of the cluster cores have different substrate-and growth rate-dependent trends, while Fig. 2 summarizes the characteristics of the clustered genes. Many of the clustered genes are associated with growth on cellulose. Other clustered genes encode intracellular proteins such as ribosomal subunits and enzymes, transcriptional regulators, signal transduction proteins, and sigma factors. The clusters also contain many genes encoding hypothetical pro-teins, establishing a rich new vein for exploration of clostridial cellulose utilization. It is notable that ϳ10% of the genes encoding hypothetical proteins also encode a recognizable signal peptide (12) , suggesting that they encode proteins which may reasonably be directed toward unknown extracellular aspects of cellulose utilization. Properties of the clusters are described briefly below.
Cluster 1. The median fuzzy score for cluster 1 was 0.999, which is representative of highly correlated behavior. The genes in this cluster exhibited a decrease in expression as the growth rate on cellobiose increased ( Fig. 1) and a lesser or no decrease in expression as the growth rate on cellulose increased. Cluster 1 contained 78 genes, including 29 encoding a dockerin domain, 5 encoding scaffoldin proteins, 6 encoding transcriptional regulators and/or signal transduction proteins, and 16 encoding hypothetical proteins ( Fig. 2 ; see Table S1 in the supplemental material). There were 37 genes encoding a signal peptide in this cluster, including 1 encoding a hypothetical protein (Cthe_0399).
Cluster 2. Cluster 2 was characterized by decreasing expression as the growth rate increased for both cellulose and cellobiose. This cluster contained 67 genes, including 5 encoding dockerin domains (3 glycoside hydrolases and 2 cellulosome enzymes with dockerin type I), 9 encoding transcriptional regulators and/or signal transduction proteins, 2 encoding transporters, and 23 encoding hypothetical proteins ( Fig. 2 ; see Table S1 in the supplemental material). There were 13 genes that encoded a signal peptide, including 4 hypothetical pro-FIG. 1. Median profiles for genes identified by regression analysis to have substrate-and growth rate-dependent changes in expression intensity. Red, cellulose; green, cellobiose. Cluster 1 contains 78 genes, cluster 2 contains 67 genes, cluster 3 contains 52 genes, cluster 4 contains 95 genes, and cluster 5 contains 56 genes.
FIG. 2. Distribution of genes clustered by regression analysis according to annotation.
The regulator category includes genes with annotations of "regulator," "signal transduction," and "*sigma*," with "*" representing any characters. The scaffoldin annotation includes genes with an annotation of "cellulosome anchoring protein, cohesin region." The "other" category includes genes not having one of the annotations listed.
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tein genes (the Cthe_1098, Cthe_1099, Cthe_1209, and Cthe_2675). Cluster 3. Cluster 3 was characterized by increasing expression as the growth rate increased for both cellulose and cellobiose, with higher expression intensities for cellulose. This cluster contained 52 genes. Annotations suggest that these genes encode primarily ribosomal subunits and cytoplasmic enzymes involved in cofactor, nucleotide, fatty acid, amino acid, and protein synthesis and other enzymes that would reasonably be expected to support an increased growth rate ( Fig. 2 ; see Table  S1 in the supplemental material).
Cluster 4. Cluster 4 was characterized by high expression for growth on cellobiose and low expression for growth on cellulose at all growth rates. This cluster contained 95 genes, including 2 encoding dockerin domains (Cthe_0435, encoding a cellulosome enzyme of dockerin type I; and Cthe_0661, encoding ricin B lectin), 8 encoding transcriptional regulators and/or signal transduction proteins, and a surprising 45 genes encoding hypothetical proteins ( Fig. 2 ; see Table S1 in the supplemental material). There were 16 genes encoding a signal peptide, including 6 of the hypothetical protein genes. Other than the large number of genes for hypothetical proteins and transcription factors, cluster 4 genes had annotations, including two-component transcriptional regulators, periplasmic sensor proteins, transporters, and some intracellular enzymes.
Cluster 5. Cluster 5 genes showed low expression at low growth rates with both cellulose and cellobiose, with expression intensities increasing faster for increased growth rates on cellobiose than for those on cellulose. This cluster contained 56 genes, including 11 encoding hypothetical proteins. Most annotations were for cytoplasmic enzymes ( Fig. 2 ; see Table S1 in the supplemental material).
Abundantly expressed genes. The changes in expression intensity reported here represent the interplay between growth rate and substrate corresponding to equation 1 and other, presently unknown environmental stimuli. Table 1 shows the distribution of genes with expression intensities ranked above the 90th percentile (i.e., top 10% of expression intensities [322 genes]). This ranked list changed primarily in response to growth rate and, to a lesser degree, substrate type (cellulose or cellobiose). Many of the most highly expressed genes (Table 2) encode the most abundant cellulosomal proteins identified by previous laboratory proteomic studies (13, 27, 35, 38) . This emphasizes the strong correlation between gene expression levels and accumulation of cellulosomal proteins in C. thermocellum. It also emphasizes the power of regression analysis to successfully model the expression of known cellulose utilization genes.
The changes in ranked expression were most pronounced for the glycoside hydrolase-, scaffoldin-, and dockerin-encoding genes and for regulatory/signal transduction protein genes. Table 2 shows that these genes had large decreases in normalized intensity as the growth rate increased, which primarily accounted for their shift in intensity rankings. At the lowest growth rate studied with cellulose, Cthe_2089 (celS), Cthe_0412 (celK), Cthe_2972 (xynA), Cthe_0413 (cbhA), Cthe_0269 (celA), Cthe_2812 (celT), Cthe_3079 (orf2p), Cthe_3080 (olpA), Cthe_3077 (cipA), and Cthe_3078 (olpB) were ranked above the 97th percentile for expression intensity, while at the highest growth rate with cellulose, only celS, celK, and cipA remained above this metric.
For comparison, at the lowest growth rate on cellobiose, celS, celK, xynA, cbhA, celT, cipA, orf2p, and olpA had expression intensities above the 97th percentile (Table 2) . Thus, at a Genes from the 348 clustered genes having an annotation containing "*regulator*," "*signal transduction*," or "*sigma*," with "*" representing a text wild card of arbitrary length.
b Genes from 348 clustered genes having an annotation containing "cellulosome anchoring protein, cohesin region." c Counts for genes from all clusters having a dockerin module and thus likely part of the cellulosome. d Counts for genes from all clusters not having one of the annotations listed.
e Genes associated with ethanol fermentation are also included in "other." f Since some annotation classes overlap, the sum of annotated genes does not simply add to the number of genes in the genome.
low growth rates, there was little discrimination for expression of cellulolytic enzymes and proteins. However, at the highest growth rate with cellobiose, no genes modeled by equation 1 remained above this threshold, representing a progressive shift away from expression of cellulolytic enzymes and proteins. Scope of genomic response. According to the microarray results, over 10% of the C. thermocellum genome was transcribed differentially during growth on either cellulose or cellobiose. The positions of the expressed genes were distributed throughout the genome (Fig. 3) , and among these, only a few multicistronic groups were detected (see Table S2 in the supplemental material). Some of these groups included previously identified genes for scaffoldins (Cthe_3077 to Cthe_3080) and sigma factors (17) . The present work shows that some glycoside hydrolases (Cthe_0267 to Cthe_0274), putative transporters (Cthe_1383 to Cthe_1386 and Cthe_1761 to Cthe_1765), and nucleotide metabolism enzymes (Cthe_0944 to Cthe_0952) are also coordinately regulated. Other sets of contiguous, coordinately expressed genes encoded hypothetical proteins. It is presently unclear how these genes may be involved directly in cellulose utilization.
Genes encoding scaffoldins. There are 8 scaffoldin-like genes in C. thermocellum, and the 5 placed into cluster 1 showed differential expression in the chemostat studies ( Table 2 ). The Cthe_3077 (cipA), Cthe_3078 (olpB), Cthe_3079 (orf2p), and Cthe_3080 (olpA) genes were expressed abundantly at low growth rates with both substrates but showed substantial decreases in normalized expression intensity as the growth rate increased. Indeed, only Cthe_3077 remained above the 97th percentile as the growth rate increased, and this was only for growth on cellulose. Cthe_3077 does not encode S-layer homology domains, so the gene product is not directly anchored to the outer cell membrane. However, uniquely among the scaffoldin-like genes, it does encode a cellulose-binding domain. Since a higher growth rate in the chemostat is related to increased substrate availability, C. thermocellum apparently casts the cellulosomal net more widely by expressing Cthe_3077. Among the other scaffoldin genes, Cthe_0452 and Cthe_1307 (sbdA) had expression levels ranked above the 90th percentile at low growth rates, and the corresponding proteins have also been detected by affinity digestion proteomics (13, 27) . They were not placed into a microarray cluster because their changes in expression levels were not modeled satisfactorily by equation 1. The different expression patterns for scaffoldin genes show that C. thermocellum exerts precise control over expression of this important family of cellulolytic proteins. Moreover, the expression intensities correlate with prior studies of protein abundance (10, 24, 27) . Although the unique contributions of these different configurations of scaffoldins are not clearly understood, they may represent advantageous biological specializations under certain growth conditions. The other two scaffoldin genes, Cthe_0735 and Cthe_0736, were expressed at relatively low levels, and their intensities decreased as the growth rate was increased. Neither of the encoded proteins has been detected by affinity digestion (13, 27) .
Genes encoding dockerin domains. Of the 73 dockerin-encoding genes present in C. thermocellum, 36 were sorted into clusters according to equation 1. Among these, 21 were ranked above the 90th percentile by expression intensity, and the average percentile rank was 85% (see Table S3 in the supplemental material). Changes in their expression intensities arose primarily from changes in growth rate as opposed to changes in substrate (Table 1) . Cluster 1 genes included most of the dockerin-encoding genes detected. Genes encoding four enigmatic dockerin proteins (Cthe_0190, Cthe_0661, Cthe_0798, and Cthe_0821) displayed differential expression profiles. Interestingly, the expression of 6 of 18 members of a poorly understood family annotated as "cellulosome enzyme, dockerin type I" was detected, with Cthe_1398 being the only member with a functional annotation, XghA. Except for Cthe_2360, which was ranked above the 92nd percentile for expression intensity and placed into cluster 1 but not detected by proteomics, all dockerin-containing proteins detected by the microarray study were also detected in a switchgrass proteomic study (35) .
The 37 dockerin-encoding genes that were not sorted into clusters were also of interest (see Table S4 in the supplemental material). On average, these genes had considerably lower ranked intensities than those of the genes sorted into clusters. Indeed, only 4 genes in this group, Cthe_2179 (pectate lyase/ allergen), Cthe_0258 (cellulosome enzyme, dockerin type I), Cthe_0536 (celB), and Cthe_0270 (chiA), were ranked above the 90th percentile by expression intensities. Changes in their expression intensities were not modeled satisfactorily by equation 1. Interestingly, 24 of the dockerin-encoding genes not sorted into clusters were detected in the switchgrass proteomic study as additional contributors to the cellulosome (27) . These genes encode enzymes with accessory functions, such as arabinofuranosidases, pectinases, xylanases, lichenase, chitinase, lipolytic enzyme, peptidase, and others. It is likely that growth conditions or inducers required for high-level expression of these genes were not present in chemostat growth on purified cellulose but were present in the switchgrass batch growth experiment. In addition, there were 13 dockerin-con- taining genes in C. thermocellum that were not detected by either the microarray or proteomic studies. Their average ranked intensity was below the 32nd percentile, thus associating low expression intensity with the negative proteomic results.
Genes encoding transporters.
Oligosaccharide transport is an essential, energy-conserving mechanism in C. thermocellum (37) , and a detailed analysis of its importance has been published (23) . Although the identities of transporters involved have not yet been established completely (23, 32) , the substrate binding preferences of five extracellular sugar binding domains have been defined (24a) . From the total of ϳ60 C. thermocellum genes annotated to have various transport functions, 8 were identified by regression analysis using equation 1, including Cthe_2118 and Cthe_0819 from cluster 2, Cthe_3148 from cluster 3, Cthe_1762, Cthe_1763, Cthe_1919, and Cthe_2270 from cluster 4, and Cthe_2247 from cluster 5. Cthe_0819 was ranked above the 97th percentile for expression level (Table 2) and is predicted to be an ABC transporter-related protein.
Interestingly, the adjacent genes Cthe_0818 and Cthe_0820 are both predicted to be transmembrane proteins by hidden Markov modeling (12) , suggesting that this three-gene cluster may be involved in the transport of cellobiose or other oligosaccharides. Cthe_1020 (CbpB), previously identified to be a high-affinity cellodextrin binding protein, was expressed at the 99th percentile during growth on both cellulose and cellobiose at all growth rates.
Genes encoding hypothetical and unknown proteins. The expression patterns for 102 genes encoding hypothetical proteins were also sorted into clusters. Of these, 12 genes encoding a signal peptide were given further consideration, as they may yield exported proteins (see Table S5 in the supplemental material). BLAST analysis showed that these genes are found primarily in the order Clostridiales. Cthe_0271 was the most highly expressed gene in C. thermocellum during growth on both cellulose and cellobiose, while the well-known gene Cthe_2809 (celS) was second. Cthe_0271 encodes a protein of unknown function that consists of a signal peptide, an unknown hydrophobic domain, a 68-residue low-complexity linker region, and the cellulose-binding domain. It is present in a contiguous region of the genome that is undoubtedly regulated for cellulose utilization and includes Cthe_0267 (rsgl2), Cthe_0268 (sigI), Cthe_0269 (celA, encoding a highly expressed cellulase), and Cthe_0274 (celP, encoding another cellulase). Hypothetical protein genes Cthe_1098 and Cthe_1099 were also ranked above the 99th percentile for expression intensity, and the expressed proteins may form some type of heterodimeric complex. The three unknown proteins described here were not previously identified by proteomic approaches, presumably because they do not carry dockerin domains that facilitate isolation by affinity digestion.
Intracellular proteins. Genes encoding a large number of intracellular proteins were identified by the microarray study, representing another significant new contribution of this work. Other than cluster 1, which had 47% of the genes encoding signal peptides, the remaining clusters had a majority of genes (236 of 270 [87%]) with no recognizable sequence encoding a signal peptide. Correspondingly, the annotations of these genes include diverse intracellular functions, such as fatty acid biosynthesis, cofactor and vitamin biosynthesis, carbon chain rearrangements, glycolysis, ethanol fermentation, and others (see Table S1 in the supplemental material).
Ethanol fermentation pathway. The fermentation products lactate, ethanol, formate, and acetate were quantified in a previous chemostat study (31) . As growth rate increased on both cellulose and cellobiose, ethanol production increased, while acetate accumulation decreased dramatically. Only trace levels of lactate and formate were detected at all growth rates, and the open design of the chemostat precluded determination of the H 2 or CO 2 level. The present microarray analysis provides new insight into the expression of enzymes that form these products.
In total, 22 of 28 genes present in the C. thermocellum metabolic pathway identified at KEGG (18) for conversion of cellobiose or other imported oligosaccharides to ethanol ranked above the 80th percentile for expression intensity at the highest growth rate on cellulose, which also led to the highest level of ethanol production. It is notable that when multiple copies of a gene encoding a single enzymatic activity were present, different levels of expression were clearly apparent (e.g., phosphoglycerate mutase, alcohol dehydrogenase) (Table 3). This result demonstrates a hitherto unknown specificity for composition of the ethanol fermentation pathway in C. thermocellum.
Pyruvate can be converted into each of the three fermentation products identified in the chemostat study. There is one gene encoding lactate dehydrogenase in C. thermocellum (Cthe_1053), and its expression was below the 50th percentile for all growth conditions tested, plausibly corresponding to the low level of lactate detected.
There are three enzyme complexes possibly used for conversion of pyruvate to acetyl-coenzyme A (acetyl-CoA) in C. thermocellum. These are pyruvate ferredoxin oxidoreductase, pyruvate formate lyase, and pyruvate flavodoxin oxidoreductase. The three structural genes encoding pyruvate ferredoxin oxidoreductase (Cthe_2390, Cthe_2391, and Cthe_2392) were expressed above the 90th percentile at the highest growth rate, corresponding to maximal ethanol production. Interestingly, the ferredoxin gene Cthe_0340 was the 4th most abundantly expressed gene for the fastest growth on cellulose. Since there are only 10 other annotated ferredoxin genes in C. thermocellum, and since these all had expression rankings at the 75th percentile or lower, Cthe_0340 seems to be the most likely electron donor for the pyruvate ferredoxin oxidoreductase reaction.
Acetyl-CoA and formate can also be produced by pyruvate formate lyase (Cthe_0505), an enzyme that requires an activating enzyme (Cthe_0506) to generate an essential active site glycyl radical (33) . These two genes were ranked above the 90th percentile during the fastest growth on cellulose. A small amount of formate was detected in the chemostat culture, possibly reflecting intracellular consumption in H 2 evolution and folate-dependent C 1 metabolism. The importance of folate-dependent C 1 metabolism in C. thermocellum is emphasized by the presence of folate-dependent enzymes in the most highly expressed category (e.g., methenyltetrahydrofolate cyclohydrolase, encoded by Cthe_1093). In contrast, genes for the pyruvate flavodoxin oxidoreductase (Cthe_2794, Cthe_2795, and Cthe_2796) and flavodoxin (Cthe_1597), also capable of using pyruvate as a substrate, were in the lowest VOL. 77, 2011 GLOBAL GENE EXPRESSION PATTERNS IN C. THERMOCELLUM 1249 quartile of expressed genes under all growth conditions. Thus, the microarray results suggest a prominent role for pyruvate formate lyase in ethanol production. In C. thermocellum, acetyl-CoA is converted to acetaldehyde by a bifunctional acetaldehyde/CoA dehydrogenase (30) . Cthe_0423, encoding this enzyme, was the 10th most highly expressed gene during the fastest growth on cellulose. Moreover, this gene had a 21% increase in expression intensity as the growth rate increased on cellulose, again corresponding to increasing production of ethanol. For conversion of acetaldehyde to ethanol, alcohol dehydrogenase (Cthe_0101) was expressed above the 95th percentile for fastest growth on both cellulose and cellobiose (Table 3 ). The two other alcohol dehydrogenases (Cthe_2579, ϳ85th percentile; Cthe_0394, ϳ75th percentile) were expressed at lower levels. Cthe_2579 showed an ϳ15% increase in expression intensity ranking for an increased growth rate on cellobiose, while Cthe_0394 showed an ϳ30% decrease in expression intensity with both substrates as the growth rate increased (Table 3) . Thus, Cthe_0101 and possibly Cthe_2579 may have larger contributions to ethanol production than that of Cthe_0394.
Hydrogenases are also important in the fermentative metabolism of C. thermocellum (29) , and three relevant sets of genes are present (Fe-only hydrogenase genes [Cthe_0342, Cthe_0430, and Cthe_3003], Ni-dependent hydrogenase genes [Cthe_0355 and Cthe_3020 to Cthe_3024], and the NiFeS cofactor assembly system [Cthe_3013 to Cthe_3018]). Among these, the Fe-only hydrogenase gene Cthe_0342 was expressed above the 5th percentile under all conditions, while Cthe_0430 changed from the 29th percentile to the 2nd percentile as the growth rate on cellulose increased. The other hydrogenaserelated genes were expressed at the ϳ25th or ϳ55th percentile and exhibited only modest changes in expression intensity (ϳϮ10%) with respect to changes in growth rate or substrate.
Regulation. Among the 348 differentially expressed genes, 26 had annotated regulatory functions (see Table S6 in the supplemental material). Clusters 1 through 4 contained multiples of these genes, and at least one gene from each cluster had a ranked intensity above the 80th percentile, including genes for adenylate cyclase, AbrB, CarD, CopY, GntR, LacI, MarR, and PadR transcription regulators.
Alignment of nucleotide sequences (19) revealed that Ͼ95% of C. thermocellum genes had a recognizable Shine-Dalgarno sequence. The most highly expressed genes, contained primarily in cluster 1, also showed a high propensity for adenine-rich sequences immediately after the start codon (Fig. 4) , which has been correlated with elevated expression (5) . Analysis of 5Ј regions of the cluster 1 genes suggested that these contain a consensus UP element for enhanced interactions with RNA polymerase (6) . Interestingly, many of the 343 genes whose expression was not detected did not have a recognizable ShineDalgarno sequence. Nine membrane-associated RsgI-like proteins were recently identified in C. thermocellum, based on a strong similarity in domain organization and N-terminal sequences to the anti-I factor RsgI in Bacillus subtilis (17) . In the set of 348 genes, there are 6 genes that encode SigI-type sigma factors and 1 that encodes an anti-sigma factor. These are Cthe_0267 (rsgI2), Cthe_0268 (sigI2), Cthe_0269 (celA, encoding a highly expressed cellulase), Cthe_2119 (rsgI6) and Cthe_2120 (sigI6, encoding a putative anti-sigma factor containing an unknown glycoside hydrolase and SigI), Cthe_2975 (sigI8), Cthe_2974 (rsgI8), and Cthe_2972 (xynA, encoding a highly expressed xylanase). In addition, the three RpoE-type sigma-24 factor genes, encoding extracytoplasmic or extreme heat stress sigma factors, had expression patterns corresponding to equation 1. These included Cthe_0890 and Cthe_0891 (encoding a sigma-24 protein and response regulator pair with unknown function), Cthe_1470 and Cthe_1471 (encoding a sigma-24 protein and an unknown glycoside hydrolase), and Cthe_1438 and Cthe_1435 (encoding a sigma-24 protein and a strongly downregulated phosphoglycerate mutase from the glycolysis/ethanol production pathway) ( Table 3) .
Growth on cellulose. C. thermocellum can grow rapidly on cellulose, cellopentaose, cellotetraose, cellotriose, and cellobiose (37) . Utilization of these soluble hydrolytic products is bioenergetically favorable because after they are transported into the cell, they are hydrolyzed by cellobiose phosphorylase (Cthe_0275) and cellodextrin phosphorylase (Cthe_2989), using a phosphate-dependent mechanism, to generate sugar phosphates without the need to consume ATP (39) . The growth rate-and substrate-correlated data set reported here was also examined for new insights about the expression of cellobiose phosphorylase and cellodextrin phosphorylase. These important intracellular enzymes were expressed at the 30th percentile or above for both substrates at both growth rates. More specific information on the expression behavior of these enzymes can be gained by consideration of their individual expression behaviors. Cellobiose phosphorylase was ranked by expression intensity among the top 10% of all genes with both cellulose and cellobiose as substrates at all growth rates, except for the lowest growth rate on cellobiose, where it was ranked at the 13th percentile. In contrast, cellodextrin phosphorylase was ranked only among the top 25% of genes for growth on cellulose at all growth rates and fell to the 35th percentile for the lowest growth rates on cellobiose. At the maximum growth rate on cellobiose, cellobiose phosphorylase was ranked at the 6th percentile by expression intensity, while the expression intensity for cellodextrin phosphorylase rose dramatically, to the 14th percentile.
The expression intensities and changes observed for cellobiose phosphorylase may reflect the high rate of oligosaccharide hydrolysis both inside and outside the cell compared to the lower rates of cellulose hydrolysis and transport of oligosaccharides. Moreover, since the intracellular distribu- (36) , there is apparently a need for enhanced metabolic throughput to glucose, as would be provided by elevated expression of cellobiose phosphorylase for the most rapid growth on cellobiose. The need for cellodextrin phosphorylase is not clear, particularly if the C. thermocellum enzyme cannot react with cellobiose as reported for the related Clostridium stercorarium enzyme (28) . However, one implication of the global mechanism of regulation of gene expression indicated by this work would be that high-level control of the expression of specific genes might not be achieved under controlled substrate conditions such as those given by carbonlimited growth in a chemostat. In natural environments or during growth on more complex materials such as biomass, though, it is reasonable that all manner of oligosaccharides might be available, and thus the relatively high-level expression of cellodextrin phosphorylase provided by growth ratedependent mechanisms seems entirely reasonable. In natural habitats, the concentration of soluble hydrolytic products will be low due to their rapid consumption by C. thermocellum and competing microbes. Regulation of gene expression in C. thermocellum by the growth rate is thus consistent with the physiology and ecology of this bacterium, which is specialized to use only cellulose and its soluble oligosaccharide products. In this context, the extent (herein) and specific components (17) of the regulatory systems used to control growth on an insoluble, extracellular substrate represent an important advance in the understanding of microbial cellulose utilization.
Conclusions. This work provides the first comprehensive examination of gene expression in C. thermocellum under conditions that lead to ethanol production. New insights have been provided into possible proteins involved in the regulation of cellulose utilization, the enzymes involved in this process, and the intracellular conversion of oligosaccharides to ethanol. A powerful advantage of the regression analysis used here is that it has identified new relationships between growth rate, substrate, and gene expression of both known and unknown genes. The extensive microarray data set obtained from this effort, obtained under controlled growth conditions on pure substrates, provides a rich new resource for continued examination of metabolic processes in this important cellulolytic and ethanologenic model organism.
